Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-6-2005

Investigation of defects in n-type 4H-SiC and semi-insulating 6HSiC using photoluminescence spectroscopy
Sashi Kumar Chanda

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Chanda, Sashi Kumar, "Investigation of defects in n-type 4H-SiC and semi-insulating 6H-SiC using
photoluminescence spectroscopy" (2005). Theses and Dissertations. 2836.
https://scholarsjunction.msstate.edu/td/2836

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

INVESTIGATION OF DEFECTS IN N-TYPE 4H-SIC AND SEMI-INSULATING 6HSIC USING PHOTOLUMINESCENCE SPECTROSCOPY

By
Sashi Kumar Chanda

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Electrical Engineering
in the Department of Electrical and Computer Engineering
Mississippi State, Mississippi
August 2005

INVESTIGATION OF DEFECTS IN N-TYPE 4H-SIC AND SEMI-INSULATING 6HSIC USING PHOTOLUMINESCENCE SPECTROSCOPY

By
Sashi Kumar Chanda

Approved:

_______________________________
Yaroslav Koshka
Assistant Professor of Electrical
and Computer Engineering
(Director of Thesis)

_______________________________
Erdem Topsakal
Assistant Professor of Electrical and
Computer Engineering
(Committee Member)

_______________________________
Raymond S. Winton
Professor of Electrical
and Computer Engineering
(Committee Member)

_______________________________
Nicholas H. Younan
Professor of Electrical
and Computer Engineering
(Graduate Coordinator)

______________________________
Kirk H. Schulz
Dean of the College of Engineering

Name: Sashi Kumar Chanda
Date of Degree: August, 2005
Institution: Mississippi State University
Major Field: Electrical Engineering
Major Professor: Dr. Yaroslav Koshka
Title of Study: INVESTIGATION OF DEFECTS IN N-TYPE 4H-SIC AND SEMIINSULATING 6H-SIC USING PHOTOLUMINESCENCE
SPECTROSCOPY
Pages in Study: 72
Candidate for Degree of Master of Science

Photoluminescence spectroscopy is one of the most efficient and sensitive noncontact techniques used to investigate defects in SiC. In this work, room temperature
photoluminescence mapping is employed to identify different defects that influence
material properties. The correlation of the distribution of these defects in n-type 4H-SiC
substrates with electronic properties of SiC revealed connection between the deep levels
acting as efficient recombination centers and doping in the substrate. Since deep levels
are known to act as minority carrier lifetime killers, the obtained knowledge may
contribute to our ability to control important characteristics such as minority carrier
lifetime in SiC. In semi-insulating

(SI) 6H-SiC, the correlation between room

temperature infrared photoluminescence maps and the resistivity maps is used to identify
deep defects responsible for semi-insulating behavior of the material. Different defects

were found to be important in different families of SI SiC substrates, with often more
than one type of defect playing a significant role. The obtained knowledge is expected to
enhance the yield of SI SiC fabrication and the homogeneity of the resistivity distribution
across the area of large SiC substrates.
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CHAPTER I
INTRODUCTION
The characterization techniques, available for the semiconductor materials, aim
at achieving high performance and reliable devices while targeting maximum yield.
These techniques focus on detecting and identifying different defects, which are
responsible for the material properties. Among many characterization techniques, the
photoluminescence (PL) spectroscopy is well known to be a powerful and sensitive
technique for the characterization of defects in semiconductors. Being a non-contact
technique, PL spectroscopy is nondestructive and does not require any particular sample
preparations.
The knowledge about spatial distribution of recombination centers in a
semiconductor wafer can be used for correlating these centers with the specific defects
and impurities, either intentionally or unintentionally incorporated. This correlation can
be achieved by point-to-point estimation of defects using room temperature
photoluminescence (RTPL) mapping of the entire wafer. The results can be used for the
simple identification of the origin of different recombination centers, which can enhance
the capabilities of controlling electrical and optical characteristics of the semiconductor
material.
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Since the homogeneity of impurities’ distribution across the wafer area is one of
the important factors in achieving high yield of semiconductor device fabrication, the
approach based on PL mapping can provide necessary insight to make improvements in
this field. Apart from this, the development of semiconductor devices requires in-line
material characterization with information about material properties available after
different fabrication steps in order to enhance process control and improve device
performance. PL spectroscopy, with an advantage of being non-contact technique,
doesn’t influence further processing of device and can be applied after different material
and device processing steps.

1.1 Thesis Scope
The objective of this thesis is to obtain new understanding about the properties of
defects in both n-type and semi-insulating (SI) SiC crystals using RTPL mapping and
low temperature photoluminescence (LTPL) spectroscopy. The RTPL spectra consist of
various peaks at different wavelengths, associated with defect levels in the material. The
RTPL maps at these wavelengths represent the distribution of corresponding defects
across the wafer area.
The near bandgap emission in n-type SiC substrates is associated with intrinsic
recombination process that doesn’t involve defect energy levels. Therefore it is closely
connected with the minority carrier lifetime and can be used to assess the influence of
different deep levels acting as non-radiative recombination channels and thus reducing
lifetime (and near bandgap luminescence). This is because of the fact that deep defects
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act as lifetime killers and create competing recombination channels that reduce the near
bandgap emission. This work revealed the influence of deep defects in 4H-SiC samples
on recombination properties of this material (and ultimately their influence on minority
carrier lifetime) by correlating the RTPL maps of the near bangap luminescence and the
luminescence related to the deep defect.
The thesis also involves the investigation of possible connection between the
near bandgap PL (related to minority carrier lifetime) and the dopant concentration in the
material. Also, the correlation between the concentration of impurities and deep defects
is investigated, which may be used to determine the complex mechanisms influencing
both dopants and deep defects incorporation during material growth. These results are
used to estimate the spatial distribution of deep defects with respect to impurity
concentration.
The availability of different kinds of SI SiC, including Vanadium (V) doped and
V-free, is the result of recent developments in the field of SiC. While it has been
established that vanadium in V-doped SI SiC compensates the shallow dopants, native
point defects are believed to be responsible for SI behavior in V-free SiC. This thesis
tries to throw light on the possible defects responsible for the SI behavior in these
materials. Infrared (IR) PL spectroscopy is employed to investigate different deep
defects in SI 6H-SiC samples. The role of different defects in compensating shallow
dopants and causing SI behavior is then identified by the correlation of the IR RTPL
maps and COREMA resistivity maps. Further, the temperature dependencies of these
defects are made used to reveal various recombination channels influencing PL spectra.
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1.2 Thesis Organization
Chapter-I describes the motivation of this work and provides with the
applications of semi-insulating SiC. The limitations of semi-insulating SiC are briefed at
the end of this chapter.
Chapter-II details the possible substitution sites available for different types of
impurities incorporated in the SiC material followed by different defect levels associated
to the impurities in SiC. Also, different types of recombination mechanisms in indirect
semiconductor are discussed. This chapter also explains the theory behind the
compensation of shallow dopants by deep levels to achieve semi-insulating behavior in
SiC. The application of photoluminescence spectroscopy as a characterization technique
to investigate different defects in SiC is described.
Chapter-III describes the experimental techniques used in this work, which
includes photoluminescence spectroscopy, Fourier transform infrared reflection (FTIR)
spectroscopy and COntact-less REsistivity MApping (COREMA).
Chapter-IV presents the experimental results and discusses the role of these
results in identifying and analyzing different defects in n-type and semi-insulating SiC.
Chapter-V summarizes the obtained results and discusses their impact on the
present state of knowledge on SiC material and device technologies. The
recommendations are made for the further investigation of the important issues
considered in this work.
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1.3 Applications of SI SiC crystals
SiC offers excellent material properties for high-temperature, high-power, and
high frequency applications far beyond the capabilities of other semiconductors. The
unique combination of intrinsic wide band gap, high thermal conductivity, high
saturation drift velocity, and high critical breakdown field along with the SI behavior of
SiC can find attractive advantages for many device applications including high-power
switching diodes, high-frequency power transistors, and sensor devices operated at high
temperatures or in harsh environments [10].
In the RF/microwave field, SI SiC substrates are extensively used for SiC metalsemiconductor field-effect transistors (MESFETs), which are competing with GaN
HEMTs to replace incumbent silicon LDMOS (laterally diffused MOS) technology in
base stations for mobile phones and broadcast (UHF band) communications[11]. Highfrequency components are also finding their way in the L and S bands for military
applications such as radar systems and jamming. Microwave heating could become a
huge market if the average selling prices of SiC MESFETs become compatible with the
cost of the currently used magnetron technology [11].
The main advantage of SI SiC semiconductor devices is that they are compatible
with operation at very high operating voltages, upto 50 V for commercially available
SiC MESFETs, which results in a higher power density. The higher power density
translates to a higher number of watts per pF of parasitic capacitance, making these
technologies particularly suitable for very-wide-bandwidth applications. For the
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transistors fabricated on SI SiC substrates, the thermal handling capability is found to be
higher than for devices fabricated on Si, GaAs or sapphire [12].
The SiC MESFETs are even used for very high microwave power applications,
such as phased array radar and wireless base stations, which have been dominated by
vacuum tubes. Due to the low breakdown voltage and intrinsic narrow band gap, Si or
GaAs-based transistors cannot yield high output power necessary to fabricate the highpower transmitters operating at elevated temperatures. Although significant issues still
exist with SiC material quality, MESFETs fabricated on SI SIC substrates have
demonstrated impressive power performance [10].
Apart from SiC MESFETs, SI SiC find their applications in the form of static
induction transistors (SIT) used for achieving high pulse power density and are the most
advanced of the SiC microwave power devices. For example, single package SIT output
powers of 900W at UHF and L band and 300W at S band have been obtained with high
drain efficiency [13]. Pulsed SiC SITs are in demand for state-of-the-art transmitter
applications in radar and electronic warfare (EW) due to their advantageous impact on
system cost, performance, weight, and volume [13].
In semi-insulating SiC the defect energy levels are located near the middle of the
bandgap. Therefore, at the appropriate activation wavelength, the absorption depths of
several tens of mm can be obtained [14]. This makes the material suitable for large area
photoconductive switches utilizing extrinsic photoconductivity. Therefore, SI SiC
substrates are used to develop a highly linear photoconductive switch technology that
can operate at high electric fields [14].
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1.4 Limitations of semi-insulating SiC crystals
The semi-insulating behavior in SiC is achieved by the compensation of shallow
dopants with the deep levels. The conventional SI SiC crystals make use of vanadium
impurities to incorporate compensating deep levels in the material. Though these crystals
provide resistivity as high as 1012 Ω-cm, they suffer from poor material quality due to
the presence of vanadium. Vanadium is considered to be responsible for different types
of defects including micropipes and precipitates. These defects degrade the performance
of the device when fabricated on these substrates, for example, SiC MESFETs fabricated
on intentionally V-doped SI SiC substrates suffer from the so-called "current collapse"
under high drain-source voltage that leads to the drain current reduction and knee
voltage increase. Another effect is the drain current dispersion between DC and highfrequency conditions, which degrades RF output power. These phenomena have been
attributed to the existence of defects in the buffer layer replicated from the micropipes,
associated to the vanadium impurities, of the semi-insulating substrates [10].
It has been shown that the presence of heavy impurities such as vanadium can
significantly reduce the thermal conductivity. As an example, thermal conductivity
values of V-free SiC samples are close to 4.5 W / K.cm at room temperature while Vdoped SI substrates with vanadium content in the range of 1016 cm-3 provide lower
values, around 3 W / K.cm [20]. Vanadium, like most of the deep defects, acts as nonradiative recombination centers and reduces the minority carrier lifetime in SiC.

CHAPTER II
CURRENT STATE OF KNOWLEDGE
2.1 Impurities in SiC
The impurities in SiC can exist as a result of intentional or unintentional doping.
The presence of impurities in SiC can change its electrical properties like conductivity,
minority carrier lifetime, resistivity etc. The intentionally incorporated impurities
(dopants), which form shallow levels in SiC, contribute towards free carrier
concentration either by accepting electrons (Acceptors) or donating electrons (Donors).
The commonly used dopant for n-type conduction in SiC is Nitrogen while Aluminum or
Boron can be used for p-type conduction. Since SiC has many polytypes, the energy
level of the dopant varies from one polytype to the other.
The polytypism in SiC is due to the different staking sequences of Si-C pair in
three possible planes viz., A, B, C. The most common SiC polytypes take staking
sequence of ABAB… (2H-SiC), ABCABC… (3C-SiC), ABCBABCB… (4H-SiC) and
ABCACB… (6H-SiC). The number of atoms per unit cell varies with respect to the
polytype. As a result of this the number of electronic energy bands and vibration
branches vary, thus affecting the physical properties of the polytypes. Moreover some
polytypes have inequivalent lattice sites whose number differs from polytype to
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polytype. The two most important polytypes 4H-SiC and 6H-SiC, which are of the focus
in this work, have two and three inequivalent sites respectively. Therefore 4H-SIC has
the possibility of two donors and two acceptor levels for a particular dopant whereas 6HSiC may have three donor and three acceptor levels. To illustrate this, let us consider the
atomic arrangement of 4H and 6H-SiC shown in fig-2.1. As mentioned above, 4H-SiC
has two inequivalent sites-quasi-hexagonal (h) and quasi-cubic (c), and 6H-SiC has three
inequivalent sites- one quasi-hexagonal (h) and two quasi-cubic (k1, k2). ). As a result,
for each type of recombination transition in these polytypes, not one but atmost two and
three PL lines may be observed in 6H- and 4H-SiC polytypes respectively.

Figure 2.1: SiC Polytypes- 4H-SiC and 6H-SiC [8]
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2.2 Recombination
When a semiconductor absorbs a photon of energy greater than or equal to the
bandgap, an electron-hole pair (EHP) is generated. The generated electron is excited
from the valence band to the conduction band leaving behind a hole. Since, the electron
in excited state is unstable, it returns to its original state once equilibrium is established.
In this process of transition, the electron can lose energy through the release of a photon
resulting in radiative recombination or through lattice vibration resulting in non-radiative
(no photon emission) recombination.
The energy of the emitted photon, in radiative recombination, depends on the
energy difference of transition states in the semiconductor. The process of recombination
also depends on the type of semiconductor – direct or indirect. In direct recombination,

Figure 2.2: Radiative and Non-radiative recombination
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the transition of electron doesn’t involve change of momentum. But in indirect
semiconductors, for example SiC, photon emission requires the aid of a phonon (energy
in the form of lattice vibrations) to conserve momentum within the lattice structure as
shown in fig-2.2.
The incorporation of impurities in semiconductor material introduces discrete
energy levels within a semiconductor’s forbidden energy gap. Shallow donors have
levels just below the conduction band, whereas, shallow acceptors have levels just above
the valence band. These donor or acceptor levels can be involved in the recombination of
carriers and hence the information about the impurity or defect level can be obtained by
studying the spectrum of radiative recombination.

Figure 2.3: Types of Radiative transitions [9]
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Fig-2.3 represents the energy band diagram of a semiconductor indicating the
conduction band (EC), occupied by free electrons, the valence band (EV), occupied by
free holes, the donor (ED) and the acceptor (EA) level within the forbidden gap. The fig2.3 illustrates the common radiative transitions that can be possible in a semiconductor.
The first transition refers to the band-to-band or direct recombination, which dominates
at room temperature and may be used in estimating the material bandgap (Eg) [9]. As
discussed earlier, in SiC, which is indirect semiconductor, a band-to-band recombination
process is not prominent because the electrons at conduction band minimum have a
nonzero momentum with respect to the holes at the valence band maximum. A direct
transition that conserves both energy and momentum is not possible without a lattice
interaction in other words with out the emission of phonon.
In these indirect semiconductors, excitonic recombination is one of the
commonly observed processes. Columbic attraction, resulting from the generation of
EHP, leads to the formation of an excited state in which an electron and the hole remain
bound to each other in a hydrogen-like state referred to as a free exciton [9]. The energy
associated with the exciton is slightly less than the band-gap energy to create a separated
EHP [Fig-2.3(a)] and hence excitonic emissions can be referred to as near-bandgap
emissions. The movement of the exciton in the crystal is not limited except for bound
EPH, which means that both electron and hole move together.
A free hole can recombine with a neutral donor [Fig-2.3 (c)] or a free electron
can recombine with a neutral acceptor [Fig2.3 (d)] to form an excitonic ion or bound
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exciton. If excitonic recombinations occur by the emission of photons then the photon
energy is given by the equation [9],

hυ = E g − E x − E p
Where, Ex is the excitonic energy and Ep is the phonon energy. The above
equation is in accordance to the conservation of energy and momentum as required in
indirect semiconductors.
Another important transition known as donor-acceptor (D-A) recombination is
the one in which an electron on a neutral donor can recombine with a hole on a neutral
acceptor as shown in fig-2.3 (e). The D-A emission line has an energy modified by the
Columbic interaction between donors and acceptors [9] and is given by the equation [9],

hυ = E g − ( E A + E D ) +

q2
K sε 0 r

Where r is the distance between the donor and acceptor, Ks is the relative
permittivity of semiconductor material. It can be noted from the above equation that the
photon energy can be larger than the band gap for small EA+ED and such photons are
usually re-absorbed in the sample [9].
While PL is capable of detecting only radiative recombinations, the non-radiative
recombinations (competing against radiative channels) in the material will degrade the
PL intensity. The presence of non-radiative recombinations can be attributed to different
factors like deep defects, native defects and crystalline defects; the deep defects being
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the most probable among them. The unintentional incorporation of metals (like iron,
copper etc.) leads to deep levels in the forbidden bandgap of semiconductor.
Since a deep level introduces a strong and localized perturbation potential, the
atoms in the immediate vicinity of this level assume new equilibrium conditions
resulting in lattice relaxation. The non-radiative recombination mechanism via deep
levels can be well described using configuration diagram shown in fig-2.4.

Figure 2.4: Configuration diagram showing a radiative transition A → A'
and non-radiative transition through C
At low temperature, the excited system has a configuration position rA with an
excited electron at state A. Through radiation transition of the electron from A to A’, the
system can relax to the ground state equilibrium at B. However, due to atomic vibrations
at high temperatures, lattice relaxation occurs changing the configurational position from
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rA to rC. For efficient PL output, the absorption should excite the electron to an energy
state lower than that of C otherwise the carrier may cross over to the ground state via a
vibrational level passing through C resulting in the non-radiative transition (emission of
phonons). This explains why many deep levels act as efficient non-radiative
recombination centers.

2.3 Semi-insulating behavior in SiC
Semiconductors with resistivity greater than 105 Ω-cm are considered to be
highly resistive or semi-insulating. Traditionally, the SI properties in SiC were provided
by intentionally incorporating Vanadium impurities, which can compensate the shallow
dopants and thus enabling to pin the Fermi level to near the middle of the band gap. The
commercial availability of large-diameter, high-quality SI SiC substrates was one of the
key factors contributing to the tremendous progress of SiC-based semiconductor device
technology within the past few years.
Vanadium in SI SiC has been attributed to the presence of micropipes and
defects, which degrade the material quality and properties. These problems were
addressed by the advent of V-free semi-insulating 4H SiC substrates thus opening a way
in reducing the micropipes and other defects down to acceptable levels. In these crystals,
compensation by native point defects with deep levels was suggested as a reason for
high resistivity.
The position of the most important impurity levels in 4H- and 6H-SiC are listed
in the fig-2.5. For V-doped SI SiC, the deep donor and acceptor levels of the vanadium

16
are at 1.46 eV and 0.67eV from the conduction band minimum in 6H-SiC.

The

compensation effects of these levels will be discussed in the next chapter.

Figure 2.5: Energy levels in 4H-SiC and 6H-SiC [23]

2.4 Problems of V-Doped SI SiC
Although vanadium is used to grow the majority of commercially available SISiC substrates, due to the difference in the segregation coefficient of vanadium and
residual impurity shallow donors and acceptors such as nitrogen, and boron or
aluminum, it is difficult to maintain a constant compensation ratio throughout the boule.
This results in a low yield of SI material if the starting material is not of the highest
purity. Moreover, vanadium acts as a trap and influences the electrical properties of the
material such as minority carrier lifetime and mobility. Apart from this, vanadium is
considered to be one of the major factors for high densities of micropipes, precipitates
and other defects, which are found to be responsible for the degradation in the device
performance [10].
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The minority carrier lifetime measurements in Ref. [5] on undoped and V-doped SI
6H-SiC using light-induced transient technique showed more than half decrease in
lifetimes values in V-doped samples compared to the lifetimes obtained in undoped
samples. The reported lifetime in V-free SI 6H-SiC is 400 ± 10 ps and in V-doped is
130 ± 5 ps [5].
Since the lifetime reflects the contributions of both radiative and non-radiative
recombination centers, the comparison of PL spectra of the two wafers was made. The
peak (507nm) PL intensity of the V-doped wafer at the room temperature was observed
to be three orders of magnitude lower than that of the undoped wafer [5]. This indicates
that V-related defects in 6H-SiC act mostly as efficient non-radiative recombination
centers limiting minority carrier lifetime. In addition, the non-homogeneity of minority
carrier lifetimes in V-doped sample revealed the problems of controlling the V-impurity
distribution in the sample [5].

2.5 Compensation in V–Doped SiC
Vanadium is currently the best understood deep level impurity in SiC and it has
been found to occupy silicon substitutional sites in one of the three possible charge
states: positive (3d0), neutral (3d1), and negative (3d2) enabling it to produce two levels
within the SiC bandgap [1]. As this thesis focus on the deep defects in SI 6H-SiC, this
section is devoted to review different V-levels that were reported in this material. The
electron paramagnetic resonance (EPR) techniques proved to be useful in obtaining the
signatures of V4+ and V3+ in 6H-SiC and through photo-induced EPR measurements in
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p-type 6H–SiC, the neutral-to-positive transition (equivalently to V4+/5+) at the hexagonal
site was found to be 1.6 eV above the valence-band minimum (Ev) [2]. Although no
similar studies were reported for the donor level at the cubic site, the infrared photoneutralization experiments provide the V4+/5+ donor level for the cubic site in 6H–SiC to
be at 1.46 eV above Ev [2]. From the correlation of EPR and optical absorption results,
the negative-to-neutral (V3+/4+) acceptor level is estimated to be within 0.66 eV of
conduction band maxima (Ec) [2].

Figure 2.6: Near-infrared absorption spectra from
(a) Undoped and (b) V-doped 6H-SiC crystal. [1]
The compensating mechanism involving vanadium as deep donor or acceptor is
well understood by comparing the characterization results of both V-doped and undoped
SiC samples. These results reported in [1], confirm the presence of vanadium in V-doped
SiC using near-infrared absorption spectra of undoped and V-doped 6H-SiC samples.
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The spectra shown in fig-2.6, reveals several absorption lines in V-doped sample, which
are attributed to the excitation of the d-shell electron of vanadium from 2E to 2T2
multiplet [1]. Intuitively, these lines were absent in undoped sample.
It was shown that the broadband illumination on the V-doped sample has an
overall increase of intensity of all transitions, compared to that observed by a weak
monochromatic probing, by approximately 70% [1]. This increase in the 3d1 absorption
spectrum corresponds to the excitation of electrons from filled boron acceptor levels
present in the sample to the conduction band and their subsequent capture by vanadium
centers, thus confirming that V-donor levels compensate the shallow acceptors [1].

Figure 2.7: Compensation mechanism in SI V-doped 6H-SiC [1]
From the above discussion, it is clear that deep acceptor (donor) defects of
vanadium are responsible for the compensation in n-type (p-type) SiC (shown in fig2.7), pinning the Fermi level to the V-related defect level. As a result of this
compensation, the free carrier concentration in the sample becomes low making the
material highly resistive (semi-insulating). The pining of Fermi level to the defect level
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is provided when the concentration of vanadium impurities is greater than the difference
of the concentration of shallow donors and acceptors. It should be noted, however, that
the compensation of shallow acceptors and shallow donors is preferred mechanism over
compensation by deep levels (if “overcompensation” can be avoided), since shallow
compensating levels do not significantly influence other material properties such as
minority carrier lifetime.

2.6 Compensation in Undoped (V-free) SI SiC
The development of high-purity V-free SiC crystals has become an attractive
solution of achieving SI behavior in these substrates because it helped resolving some of
the problems described in the previous section. Wide band semiconductor companies
like Cree and II-VI have successfully demonstrated the growth of high-purity SI SiC
wafers having resistivity above 109 Ω-cm. While Cree uses conventional physical vapor
transport (PVT) technique to grow these wafers, II-VI employs Advanced PVT
technique.
The compensation in V-free SI SiC is considered to be achieved by native point
defects that form deep levels in these crystals. The reliable identification of all possible
native defects responsible for the high-resistivity is not available to date. The Optical
Admittance Spectroscopy (OAS) measurements performed on SI SiC samples in Ref. [3]
showed several activation energies in these samples [Fig-2.8]. This suggests that
multiple defects might be responsible for the SI character of these wafers.
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Figure 2.8: Admittance versus photon energy plot showing 5 distinct energy levels [3]
Since each point defect may have multiple energy levels, the activation energies
shown in fig-2.8 may not represent the actual number of point defects present in the SI
sample. EPR measurements on high purity SI 4H-SiC revealed several intrinsic point
defects such as carbon vacancy, silicon vacancy, silicon antisite and the carbon vacancycarbon antisite pair [3]. Among these defects carbon vacancy, after the identification of
the specific activation energy through photo-EPR, is considered to be one of the native
defects responsible for SI nature of these substrates [3]. More on undetected point
defects is discussed in next sections.

2.7 Photoluminescence Spectroscopy
PL is the spontaneous emission of light from a material under the influence of
optical excitation. The excitation energy, usually greater than the band gap of material,
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and the intensity of the excitation light are the key parameters to probe different regions
of the sample. PL spectroscopy is a nondestructive technique for the determination of
impurities, provided these impurities are involved in radiative recombination processes.
It is, therefore, particularly suited for the determination of shallow levels as well as some
deep levels present in the semiconductor material. Even though PL is simple to identify
simultaneously many types of impurities, it doesn’t provide exact information on the
impurity concentration. This is because of the fact that the output of the PL spectroscopy
is just an arbitrary intensity and is not a direct measure of the concentration of related
impurity.
Since non-radiative recombinations are the most probable mechanisms when a
deep level is involved in a transition, these deep levels are often undetectable with PL
spectroscopy. However some deep levels participate in radiative transitions and provide
their signatures in PL spectrum. Vanadium and native point defects are among those
deep levels that were reported to be identified using PL spectroscopy [15].
Since the wavelength of the emitted light is proportional to the difference
between the energies of the transitional states and owing to the large bandgap of the SiC,
characteristics peaks in the PL spectra ranges from UV wavelength to infrared
wavelengths depending on the nature of the defects. The n-type (p-type) SiC substrates,
doped with nitrogen (aluminum or boron), provide PL signatures at UV and visible
ranges. The contribution from the V-related levels is insignificant in n-type wafers,
especially at room temperatures at which PL mapping of wafers is possible. Typical PL
spectrum of n-type 4H-SiC is presented in the fig-2.9.
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Figure 2.9: RTPL spectrum of 4H-SiC showing UV, Yellow and Red peaks
The maxima of three peaks, observed in the PL spectrum, are measured at
3910Å, 5150Å and 6700Å. They are, hereby, referred to as UV, Yellow and Red peaks
respectively. The UV peak is attributed to near bandgap transition of carriers and though
exact recombination mechanism involved in these transitions is unknown, it is assumed
that the free-exciton recombinations are responsible for UV PL peak. The presence of
red PL peak in SiC was reported before by few authors [4, 24] but the identification of
defect corresponding to this red PL is still under discussion. This thesis will focus on the
influence of this defect on recombination properties of n-type SiC using RTPL mapping
of 4H-SiC substrates.
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As briefed before V-related deep defects exhibit their signatures in PL spectrum,
the study of these transitions can enable to understand the contribution of V-related
defects towards the high-resistivity of SI SiC crystals. Since the spectral lines in these
substrates are attributed to the intra 3d shell transitions of 2E to 2T2 multiplet, the emitted
photons fall in the wavelength range of infrared region.

Figure 2.10: LTPL spectrum showing V-related signatures in 6H- and 4H-SiC [5]
The IR PL spectroscopy has been consistent tool in identifying different deep
defects in SI SiC. The presence of V-related defects in 4H-SiC can be observed as two
sets of zero-phonon lines (ZPL), (α,β) corresponding to hexagonal (h) and quasi-cubic (c
or k1) substitutional sites [5] from low temperature PL measurements. Additional ZPL
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(γ) corresponding to additional quasi-cubic (k2) lattice site can be observed in 6H-SiC
[Fig-2.10]. These ZPL lines are accompanied with the phonon sidebands, some of which
are assigned to intrinsic lattice phonons [5]. Moreover, some sharp phonon features
(marked by arrows in fig-2.10) can be observed that are due to local vibrational modes
(LVMs) of the V-impurities [5]. The absorption lines observed in V-doped SiC sample
using absorption measurements in Ref. [1] and FTIR measurements in Ref. [5]
correspond to these IR PL spectra lines.
Apart from V-related deep defects, deep defects corresponding to native point
defects can also be observed by IR PL spectroscopy. From [6], the following is known
about the native point defects in SiC:
i. The IR peaks in SiC, apart from V-related defects, at low temperatures are
attributed to unidentified point defects named UD1, UD2, and UD3.
ii. UD-1 can be distinguished as two non-phonon lines.

Its line width of

0.5meV is typical for the deep defects in SiC.
iii. It was suggested that the UD-2 is associated with the vacancy-related defect
center as it can also be observed in irradiative materials.
iv. UD-3 is a single non-phonon line separated by an energy difference of 88
meV from three phonon-assisted lines, which resemble the local phonons of
V and Cr defects.
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Figure 2.11: Low temperature IR PL spectrum of unintentionally doped 4H-SiC [6]
The observations mentioned above, which are in agreement with that of [8], gives a
general description of the different points defects that can be present in SI SiC. But, this
information does not help us to identify the specific defects responsible for the
compensation in these crystals and hence for the SI behavior. In addition, different
defects can be responsible for SI properties in different types of SI substrates.

CHAPTER III
EXPERIMENTAL APPROACH
3.1 Samples under investigation
The two types of samples investigated in this work are n-type 4H-SiC and semiinsulating 6H-SiC. Most of the n-type SiC substrates were grown at CREE Inc., using
physical vapor transport technique (PVT). The semi-insulating samples were of different
kinds – low-V doped and undoped SiC substrates. These samples were fabricated at IIVI Inc., using advanced PVT technique (APVT).
Low-V doped SiC substrates are targeted to achieve high yields while
maintaining low vanadium concentration (preferred for better material properties). The
APVT technique employed in the growth of these substrates ensures reduced
background contamination of shallow dopants and a precise control of vanadium flux
[21]. The resistivity of these samples is about 1012 Ω-cm for vanadium levels in the
range of 1016 cm-3. These samples are, here by, referred simply as V-doped substrates.
The growth of undoped (V-free) semi-insulating SiC substrates utilizes APVT
technique with ultra high purity SiC source and necessary measures aimed at reduction
of background impurity concentrations. These samples feature micropipe densities as
low as 14 cm-2 and resistivity as high as 1010 Ω-cm [22].

27

28
3.2 Photoluminescence Spectroscopy
The measurement setup consists of Spectra Physics Beamlock 2085 Series Ion
Ar+ laser, which can be used as a PL excitation source. A 351 nm mid UV line having a
penetration depth of about 9.4um in 6H-SiC and 35um in 4H-SiC at room temperature
[16] is the preferred line for characterizing both n-type and SI wafers. The observed PL
intensity is measured using SPEX 500M grating spectrometer coupled with either a
liquid nitrogen cooled Edinburg Instruments El-L Ge detector for IR measurements or a
Hamamatsu R928 multi-alkali photo multiplier tube (PMT) for UV and Visible
measurements. To measure IRPL, the excitation beam is modulated with a mechanical
chopper and the PL response, converted to an electrical signal by the photo-detector, is
monitored using a Stanford Research Systems SR830DSP lock-in amplifier [Fig-3.1].
For RTPL mapping measurements, the samples are placed on a programmable
NEAT 300 series XY stage, which is controlled by the computer interface. The moving
stage is capable of providing a resolution of 1um. LTPL measurements are performed by
mounting the samples on the cold finger of a variable temperature liquid He closed cycle
cryostat operating in the temperature range between 7 K and 300 K. To ensure reliable
comparisons of the absolute value of PL intensity from different samples, the closed
cycle cryostat is mounted on a stage that allows the movement of the samples attached to
the sample holder in a plane perpendicular to the axis of the spectrometer slit, used to
collect PL light. This arrangement provides the preservation of optical adjustment while
moving from one sample to another [15].
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Figure 3.1: Schematic diagram showing setup of PL spectroscopy

3.3 Fourier Transform Infrared Reflection Spectroscopy
FTIR spectroscopy, though primarily employed to determine the thickness of the
wafer, can be used to extract the free carrier concentration of the heavily doped
substrates. FTIR works on the principle of constructive and destructive interference of
the light. These measurements are recorded at room temperature using a FilmExpert
2140. The FilmExpert is a stand-alone thin film analyzer provided with a manual wafer
loading and automatic wafer mapping. The samples are measured with the incident light
at an angle of 47o and the intensity of the reflected light is detected with the Michelson
interferometer. The output reflection spectra thus obtained is modeled to extract required
parameters for estimating the free carrier concentration. The wave number region 600-
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1200 cm-1 is modeled using Lorentz oscillator models and the effect of interaction of
light with the free carriers, for this particular application.

Figure 3.2: Setup of FTIR spectroscopy

3.4 Contactless Resistivity Mapping
COREMA mapping works on the principle of evaluating the exponential decline
of a voltage-induced dielectric polarization, caused by the mobile carriers in the wafer
material [7]. The capacitive probe consists of a cylindrical metal stub surrounded by a
guard electrode. A metal chuck provides an electrical back contact while serving as
mechanical support to the wafer to be measured [Fig-3.2]. The stub is brought close to
the wafer surface until the distance equals about 1/10 of the thickness of the wafer [Fig3.2, insert]. A precise horizontal XY stage translates the wafer underneath the probe,
which enables to generate a resistivity topogram.
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Figure 3.3: Schematic representation of the COREMA measurement system [7].

Figure 3.4: Charge transient observed after application of a voltage step [7].
The equivalent circuit of the arrangement [Fig-3.4, insert] can be represented as
the series connection of the stub capacitor (Ca), formed between stub and the sample
with air spacing as dielectric, with the sample capacitor (Cs), containing the portion of
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the wafer material below the stub, that is connected in parallel to the shunt resistor
representing the finite ρ of the wafer material. The exponential time dependence of the
charge Q (t) shown in fig-3.4 allows to measure the relaxation constant τ and the charges
Q (0), Q (∝) [7].
Knowing these quantities along with the dielectric constant of the wafer material
(ε), the resistivity of the wafer material can be calculated from the equation [7],

ρ = τQ (0) /(ε 0 εQ (∞))
The commercially available COREMA measurement systems, which can
measure ρ in the range of 1x105 – 1x1012 Ω.Cm are capable of providing high lateral
resolution (<1mm).

CHAPTER IV
RESULTS AND DISCUSSION
4.1 N-type SiC Substrates
The substrates selected for this work are n-type 4H-SiC, intentionally doped
with nitrogen impurities to achieve a free carrier concentration in the range of 1x1018
cm-3. Different sets of samples were selected to compare the distribution of impurities
in these samples. These samples include a set of sister wafers viz., JC0006-18,
JC0006-19, JC0006-20 and wafers, which were expected to show large deviation in
the impurity distribution as compare to the each other and to sister wafers; these
wafers are named as JC0006-23, XU0850-02 respectively. To analyze the impurity
and defect distribution in these samples, the results obtained from RTPL mapping at
different wavelengths and FTIR maps are compared. This section will discuss about
the results obtained from these measurements.
As described in previous discussion, the RTPL spectra of n-type 4H-SiC
substrate is characterized by different peaks including so called UV, Yellow and Red
peaks corresponding to respective wavelengths. Since UV peak is associated with the
near bandgap emission, it can provide a qualitative measure of the minority carrier
lifetime in the sample. On the other hand, red peak is associated with the deep level.

33

34
The corresponding deep defect possibly also contributes towards the non-radiative
recombination and towards the reduction of minority carrier lifetime. To understand the
behavior of these defects, the RTPL mapping of the samples at the wavelengths
corresponding to these peaks are performed. At the same time, to establish a possible
correlation between these defects and the concentration of impurities in these samples,
FTIR maps are used.
The RTPL mapping of the sample JC0006-19 with a step of 0.75mm at 3910Å
(UV) and 5100Å (Red) revealed an inverse correlation in the distribution of defects that
are responsible for these PL peaks. These maps are plotted using colormaps as shown in
the fig 4.1, which represent PL intensity at every scanned point over entire wafer. The
dark color represents the weakest PL intensity while the bright color represents the
highest PL intensity obtained from the wafer.

Figure 4.1: RTPL maps at wavelengths corresponding to
UV and Red PL for the sample JC0006-19
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From the fig-4.1, we can notice that the regions of high near-bandgap PL
intensity (and therefore a high minority carrier lifetime) correspond to low deep defect
PL (i.e., low concentration of the corresponding deep defect) and vice versa. This
considerable inverse correlation can be graphically shown using the PL spectra measured
at selected points of minimum and maximum UV-related PL intensity (see fig-4.2).

Figure 4.2: PL spectra of points corresponding to high and low PL intensities
related to the UV-peak for the sample JC0006-19
In order to see if the non-homogeneity of PL distribution across the wafer has
any relation to the doping distribution, the UV PL map was compared to the FTIR map
measured on the same wafer. The color maps, shown in fig-4.3, revealed a positive
correlation between the distribution of the near bandgap UV PL and the donor
concentration. Simultaneously, the distribution of the defects responsible for the red-
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related PL exhibits reverse correlation with doping. From this observation, it can be
inferred that higher donor concentration accompanies higher minority carrier lifetime
(high PL intensity at UV peak) whereas the concentration of deep defects is lower when
donor concentrations is higher.

Figure 4.3: Comparison of RTPL map of UV-related PL and FTIR map
for the sample JC0006-19
The statistical confirmation of the trend between the PL intensities at UV and
Red peaks is provided by plotting PL intensity of the red peak, measured at every point,
against the UV peak [Fig-4.4]. The obtained “cloud” of points reveals the trend of an
inverse correlation between near bandgap PL and deep defect related PL, which
quantitatively confirms the qualitative observation from the colormaps in fig-4.1.
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Figure 4.4: Correlation of PL intensities of UV peak and Red peak
for the sample JC0006-19
A similar approach is used to confirm the correlation between the PL intensity of
UV peak and the concentration of the impurities across the wafer [Fig-4.5]. A linear
relationship between near-bandgap PL and donor concentration can be observed. Since
PL maps and FTIR maps were taken with different experimental setups, the exact
position of the measured points was slightly different for FTIR and PL maps. Special
care has been taken while plotting these values to minimizing the error that can occur
due to the shift in the position of the wafer. All maps were referenced with respect to the
major flat and mapping step is taken into consideration for consistency.
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Figure 4.5: Correlation of PL intensities of UV peak and the concentration of
donor impurities for the sample JC0006-19
A similar analysis was conducted on different samples obtained from different
vendors. For many wafers, the RTPL maps showed a similar correlation between the
radiative transitions related to UV and Red peaks. However, important differences were
observed between different wafers in terms of homogeneity of the defect distribution
such as the location and size of the regions with highest and lowest defect concentration,
etc. PL mapping proved useful in identifying the distribution of electronic properties
across the wafer, which may be helpful for correlating the performance of SiC devices
with the properties of the substrate at the specific wafer location. The following figures
show the comparisons of PL maps and FTIR maps for different wafers. The PL spectra
taken at points corresponding to high and low UV peak values are also shown. Apart
from this, the plots showing the point-to-point comparisons of these maps give a
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quantitative assessment of the observed correlations. It can be observed that the reported
correlations are less than perfect in some of the wafers, which is an indication that other
factors not revealed by PL mapping may influence the distribution of the recombination
properties.

Figure 4.6: RTPL maps at wavelengths corresponding to
UV and Red PL for the sample JC0006-23

Figure 4.7: PL spectra of points corresponding to high and low PL intensities
related to the UV-peak for the sample JC0006-23
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Figure 4.8: Comparison of RTPL map of UV-related PL and FTIR map
for the sample JC0006-23

Figure 4.9: Correlation of PL intensities of UV peak and Red peak
for the sample JC0006-23
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Figure 4.10: Correlation of PL intensities of UV peak and the concentration of
donor impurities of the sample JC0006-23

Figure 4.11: RTPL maps at wavelengths corresponding to
UV and Red PL for the sample XU0850-02
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Figure 4.12: PL spectra of points corresponding to high and low PL intensities
related to the UV-peak for the sample XU0850-02

Figure 4.13: Comparison of RTPL map of UV-related PL and FTIR map
for the sample XU0850-02
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Figure 4.14: Correlation of PL intensities of UV peak and Red peak
for the sample XU0850-02

Figure 4.15: Correlation of PL intensities of UV peak and the concentration of
donor impurities of the sample XU0850-02
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Figure 4.16: RTPL maps at wavelengths corresponding to
UV and Red PL for the sample JC0006-18

Figure 4.17: PL spectra of points corresponding to high and low PL intensities
related to the UV-peak for the sample JC0006-18
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Figure 4.18: Correlation of PL intensities of UV peak and Red peak
for the sample JC0006-18

Figure 4.19: RTPL maps at wavelengths corresponding to
UV and Red PL for the sample JC0006-20
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Figure 4.20: PL spectra of points corresponding to high and low PL intensities
related to the UV-peak for the sample JC0006-20

Figure 4.21: Correlation of PL intensities of UV peak and Red peak
for the sample JC0006-20
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The distribution of defects and homogeneity of the recombination properties are
analyzed by plotting the histograms for various samples. The standard deviation
calculations from these histograms provide the quantitative measure of the homogeneity
of the impurities in the samples. This section will focus on the comparison of
homogeneity, in terms of standard deviation, of distribution of the recombination
channel associated with UV peak as well as the distribution of the concentration of
impurities. We start with the distribution of defects related to UV peak in JC0006 series
samples [Fig-4.22]. The standard deviation for this histogram is obtained as 6.33 with
average (mean) PL intensity at 55 (arb. units).

Figure 4.22: Histogram showing distribution of defects related to UV peak
in the sample JC0006-18
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Figure 4.23: Histogram showing distribution of defects related to UV peak
in the sample JC0006-19
The histogram for the sample JC0006-19 is shown in fig-4.23. The standard
deviation for this histogram is obtained as 8.71 with average (mean) PL intensity at 59
(arb. Units). Since the standard deviation in this sample is greater than that JC000-18,
this sample has higher inhomogeneous distribution of defects compare to the later.
The histogram for the sample JC0006-20 is shown in fig-4.24. The standard
deviation for this histogram is obtained as 9.6 with average (mean) PL intensity at 60
(arb. units). This wafer also shows an increase in the standard deviation value revealing
a steady increase in the inhomogeneity of these defects from wafer to wafer cut from the
same ingot.
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Figure 4.24: Histogram showing distribution of defects related to UV peak
in the sample JC0006-20

Figure 4.25: Histogram showing distribution of defects related to UV peak
in the sample JC0006-23
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The histogram for the sample JC0006-23 is shown in fig-4.25. The final sample
in this series has maximum value of standard deviation, which is 12.72, as compared to
all other samples. The average (mean) PL intensity is 63 (arb. units). These results are
summarized in table-1 to compare the distribution of defects in these samples.
Table 1
Comparison of Defect distribution in 4H-SiC samples

Mean Standard Deviation
JC0006-18
55
6.33
JC0006-19

59

8.71

JC0006-20

60

9.6

JC0006-23

63

12.72

To relate the distribution of impurity concentration to that of UV–related
recombination, the histograms of impurity concentration are plotted [Figs: 26-27]. Even
though the standard deviations obtained from these histograms provide the homogeneity
of impurities, they cannot be related to the standard deviation obtained from the
histograms of defects. This is due to the fact that PL intensities are measured in the
arbitrary units and thus cannot provide absolute standard deviation for the defect
distribution (homogeneity of defects).
However, it is possible to compare the ratios of standard deviations of PL
histogram and impurity concentration-histogram, obtained from the same samples. This
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ratio determines the variation in the homogeneities of defects and impurities in these
samples.

Figure 4.26: Distribution on impurities in the sample JC0006-19
The above impurity distribution histogram gives a standard deviation of 3.88
with an average impurity concentration (mean) 5.3 x 1018 cm-3. As predicted, this value
is not comparable to the standard deviation (8.71) obtained from the UV-related PL
distribution histogram plotted for the same sample.
The impurity distribution in sample JC0006-23 is shown in the fig-4.27. The
calculated value of standard deviation from this histogram is 5.12 with an average
impurity concentration of 5.4 x 1018 cm-3. The increase in the value of standard deviation
shows that the same trend, as that of UV related defects, is followed even in the case of
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impurity concentration. The further comparison of these results is summarized in table-2.
The ratios showing the change in the homogeneity of defects and impurities are
comparable with an error of 10% between them.

Figure 4.27: Distribution on impurities in the sample JC0006-23
Table 2
Comparison of defect and impurity distribution in 4H-SiC Samples

JC0006-19
JC0006-23
Ratio of
Standard Deviations

Standard Deviation Standard Deviation
(PL at UV peak) (Conc. of impurities)
8.71
3.88
12.72
5.12
1.46

1.32
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4.2 Discussion of the results for n-type SiC
Knowing the major lifetime limiting defects is important in order to improve the
material quality. The investigation of defects in n-type SiC, in the direction of
identifying lifetime limited centers, revealed the presence of deep defect that was
inversely correlated to the near bandgap emission. This inverse correlation suggested
that the deep defect, related to the red luminescence, in these wafers act as lifetime
limiting centers by providing non-radiative recombination channels. Since the presence
of this deep defect is unintentional, the incorporation of this defect in all n-type SiC
crystals might not be possible and hence this defect may not be detectable in some
samples. Also, the origin of this deep defect is still unclear.
The exact reasons for the observed inverse correlation between the deep defects
related to red luminescence and doping concentrations are yet to be known. However,
the possible explanation for this trend might be the site-competition of incorporated
impurities (nitrogen in this case) or the growth conditions being more favorable for
nitrogen in comparison to deep defects – for example, the temperature at the center of
the ingot is different from that at the periphery. It is, therefore, important to determine
the homogeneity of the defect distribution to improve the growth conditions for better
yields.

4.3 Semi-insulating 6H-SiC substrates
The SI samples used in this work are commercially available and are fabricated
at II-VI Inc., using advanced PVT (APVT) technique. The selected samples include V-
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doped and undoped 6H-SiC. The resistivity measurements of these samples are
performed at II-VI Inc., using COREMA system capable of measuring resistivity in the
range of 105-1012 S-cm. These results are used to correlate with the results obtained from
the IRPL spectroscopy.

Figure 4.28: Low temperature IRPL spectrum of V-doped 6H-SiC
showing different deep defect-related signatures
The low temperature IRPL spectrum of V-doped SI 6H-SiC sample is
characterized by sharp peaks as shown in fig-4.28. These peaks are identified as Vrelated, including all zero-phonon lines (α,β,γ), as well as centers related to UD1 and
UD3 native point defects. The presence of different defect-related peaks suggests that
the SI behavior in these samples might be due to the contribution of both V-related deep
defects and native point defects. This possibility has not been routinely considered in
previous studies where the SI samples dominated either by vanadium or native point
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defects were investigated. This possibility is investigated by applying RTPL mapping to
the sample and correlating the obtained results with the available COREMA resistivity
maps.
Room temperature IRPL spectra of few V-doped SI 6H-SiC substrates were
dominated by the V-related emission and by a broad band at lower wavelength
associated with native point defects [Fig. 4.28]. Two RTPL maps of these samples were
obtained – one at the wavelengths corresponding to the broad band and the other of Vrelated PL peak.

Figure 4.29: Comparison of low temperature IRPL spectra of
V-doped and Undoped 6H-SiC
In contrast, undoped SI substrates did not exhibit V-related PL at room
temperature [Fig-4.30]; however, relatively weak vanadium PL lines could be detected at
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the low temperatures [Fig-4.29]. These samples were mapped only at wavelengths
corresponding to broad native point defect band.

Figure 4.30: Comparison of Room Temperature IRPL spectra of
V-doped and Undoped 6H-SiC
Some of the V-doped samples showed a deviation in the spectral response from
the one shown in fig-4.28. In these samples, the broad band emission was absent
indicating that there were no native point defects at significant concentration in these
samples [Fig-4.31, 4.32]. For this reason, the mapping in these samples was performed
at wavelengths corresponding to the V-related peak only.
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Figure 4.31: Low temperature IRPL spectra of V-doped samples having
no native point defects (a), native point defects (b)
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Figure 4.32: Room temperature IRPL spectra of V-doped samples having
no native point defects (a), native point defects (b)
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The room temperature IRPL map of undoped SI samples showed a direct
correlation between the native-defect PL and resistivity [Fig-4.33]. The regions with
high PL intensity (bright region) also showed high resistivity (bright region) indicating
that native point defects, responsible for the broad RTPL band, are associated with the
compensation mechanism in those substrates. A similar trend was observed in some of
the V-doped samples. However, it was V-related PL that showed good correlation with
the resistivity across the wafer.

Figure 4.33: Comparison of room temperature IRPL map and resistivity map
of Undoped SI 6H-SiC sample
A more complex correlation was observed in the samples with low vanadium
concentration, in which both V-related PL and native point defect PL were strong at
room temperature. Though the intensity of the V-related PL and the native point defect
PL showed some trend of reverse-correlation, there was no clear correlation between the
resistivity maps and the maps of PL intensity measured at either of the two peaks as
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show in fig. 4.34. In other words, none of the two deep defect distributions separately
could explain distribution of resistivity across the wafer area.

Figure 4.34: Maps of room temperature IRPL at wavelength corresponding to
broad band (a) and V-related peak (b), and resistivity (c).
However, it was established that the resistivity was in good correlation with the
total PL signal consisting of both vanadium and intrinsic defect contributions [Fig. 4.35].
The regions (bright) of the highest total PL intensity match with regions of high
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resistivity and vice versa. This behavior is illustrated by the line scan [Fig- 4.36] taken
along the same line shown in the fig-4.35.

Figure 4.35: Comparison of maps corresponding to total PL intensity (a)
and resistivity (b) in V-doped sample

Figure 4.36: Line scan showing the comparison of total PL intensity and
resistivity of the V-doped SI 6H-SiC sample
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The line scan reveals that that the region of the highest resistivity approximately
five millimeters away from the edges of the wafer had the lowest vanadium PL intensity,
but the intensity of the native point defect PL was high in these regions, which is
probably the reason for the high resistivity in these regions in contrast to what was
expected from V-doped samples in which vanadium is believed to be solely responsible
for SI behavior.
From this discussion it is evident that vanadium was apparently not a single
reason for the SI behavior in those wafers. The resistivity of those wafers was due to the
contribution of both V-related and native point defect-related deep levels. However, the
possibility that the observed PL is influenced by the presence of competing radiative
recombination channels rather than by the actual distribution of corresponding defects
cannot be completely ruled out [17,18].
To confirm the possible presence of competing recombination channels, analysis
of the low temperature spectra was done in the regions where the influence of the native
point defects was dominant. From these spectra, specific defects that are likely to be
responsible for the observed trend in PL mapping were identified. Complex temperature
dependence observed from these defects is depicted using figs 37-41.
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Figure 4.37: Temperature dependence of UD1 defects at wavelength 12320Å
in different SI SiC samples

Figure 4.38: Temperature dependence of UD1 defects at wavelength 12405Å
in different SI SiC samples
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Figure 4.39: Temperature dependence of UD3 defects in different SI SiC samples.

Figure 4.40: Temperature dependence of broad band in different SI SiC samples.
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Figure 4.41: Temperature dependence of V-related defects in different SI SiC samples.
The temperature dependency of PL lines related to different deep defects was
different in different samples. This indicates that the presence or absence of other
recombination channels (deep defect levels) in different concentrations in different
samples influences the temperature dependence of these PL lines, which supports the
conclusion about the presence of various recombination channels influencing PL spectra
given in Ref. [19].
To illustrate the above observations, let us consider the temperature dependence
behavior of UD1 defect corresponding to the wavelength 12320Å. The typical behavior
of this defect line seems to involve gradual reduction of the PL intensity from 7K to
100K. However, this line experiences unexpected initial growth before starting to
decrease in the undoped sample. A possible thermal deactivation of another unknown
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(possibly non-radiative) recombination channel in this particular sample at low
temperature could result in gradual reduction of one of competing recombination
channels for UD1 line. Therefore, this could be responsible for the apparent increase of
UD1 line in certain temperature range in this sample in contrast to a typical temperature
behavior of UD1 line. Hence, one should be very careful when using the lowtemperature PL intensities of different lines for judging about concentrations of the
corresponding defects and their role in providing SI behavior.

CHAPTER V
CONCLUSION
The PL measurements performed on the n-type 4H-SiC revealed presence of
various peaks in room temperature PL spectra, which includes well know UV, Yellow
and Red peaks. It was hypothesized that the UV-related PL is associated to the near
bandgap emission and so it is related to the minority carrier lifetime. The Red peak is
associated with deep level whose origin is unknown. Using the RTPL mapping, an
inverse correlation has been established between the maps corresponding to UV-related
peak and Red-related peak. From this observation, it was suggested that the defect level
responsible for Red luminescence are associated with dominating non-radiative
recombination channel in this type of SiC substrate. High concentration of these defects
reduces the minority carrier lifetime (and UV-related luminescence) in the sample.
While the origin of this peak remains unknown, it is clear that concentration of the
corresponding deep defects should be reduced when the minority carrier lifetime is an
important parameter for SiC devices fabricated on this type of substrates.
One of the goals of this thesis was to establish a connection between the near
bandgap emission and the concentration of donor impurities in n-type SiC substrates. A
direct correlation was observed between the doping maps obtained from FTIR
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spectroscopy and the RTPL maps corresponding to UV-related peak The most important
observation made from the above mentioned correlations was that the regions of the
weakest PL intensity of the deep defect associated with Red peak were corresponding to
the regions of highest donor concentration and vice versa. This observation was
consistent in most of the samples indicating that the incorporation of donors might be
connected with the incorporation of deep levels responsible for Red peak.
These observations have far reaching technological implications. While high
concentrations of nitrogen are required for high-conductivity n-type substrates, the
mechanism of nitrogen incorporation is also clearly connected with incorporation of
recombination centers. Whether it is the result of a competition between nitrogen and
other defects (e.g., Red PL centers) for incorporation in SiC during its substrate growth
or due to some process variations favoring dopant incorporation while suppressing deep
defect incorporation, the discovered trend can be utilized to have a better control over
the simultaneous incorporation of dopants and recombination centers.
To estimate the homogeneity of the defects and concentration of donors,
histograms were plotted. The standard deviation measured from these histograms was
considered as an estimate to the homogeneity of the distribution. The ratios of standard
deviations, taken from UV-related RTPL histogram and histogram representing
concentration of donors, of two different samples were within an error of 10%. This
confirms that the UV-related RTPL maps can be used to estimate the homogeneity of the
impurities.
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The PL measurements were also performed on the SI 6H-SiC, which includes so
called undoped substrates (in which SI properties are determined by native point defects)
and V-doped samples. Sharp peaks including V-related and native point defect related
peaks were observed from the low temperature IRPL of few V-doped samples. However,
undoped samples and some of V-doped samples exhibited only single peak related to
native point defects and V-related defects respectively, indicating different
concentrations of different deep levels in these samples. Room-temperature IRPL maps
were taken and a correlation between these maps and COREMA resistivity maps was
established. Depending on the character of the correlation, it was suggested that the
high-resistivity in SI SiC samples can be due to single dominant deep defect (V-related
defect or native point defects) or due to the combined contribution both V-related and
native point defects.
Even though PL spectroscopy can be used as an efficient tool for investigating
the defects in SiC material, it cannot provide the quantitative data that can be used to
determine the exact concentrations of impurities. Also, since PL spectroscopy is
insensitive to non-radiative transitions, the presence of non-radiative recombination
channels is difficult to identify. Non-radiative centers can be characterized with Deep
Level Transient Spectroscopy (DLTS) as well as some other techniques including
Optical Admittance Spectroscopy (OAS).
Measurement of minority carrier lifetime in n-type samples is needed to confirm
that the intensity of the investigated near-bandgap UV PL is indeed related to minority
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carrier lifetime. For the SI wafers, the future work should involve other characterization
techniques to investigate non-radiative recombination centers (and especially deeplevels). Also, other SI samples from II-VI Inc., with wider range of properties could
enable further exploration of the different defect levels important for SI behavior of SiC.
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